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A Saccharomyces cerevisiae strain, capable of autonomous bioluminescence, was engineered to respond to
androgenic chemicals. The strain, S. cerevisiae BLYAS, contains the human androgen receptor in the chromo-
some and was constructed by inserting a series of androgen response elements between divergent yeast
promoters GPD and ADH1 on pUTK401 that constitutively expressed lux4 and luxB to create pUTK420.
Cotransformation of this plasmid with a second plasmid (pUTK404), containing the genes required for
aldehyde synthesis (luxCDE) and FMN reduction (frp), yielded a bioluminescent bioreporter responsive to
androgenic chemicals. Using dihydrotestosterone (DHT) as a standard, the response time and the 50% effective
concentration values were 3 to 4 h and (9.7 £ 4.6) x 10~° M, respectively. The lower limit of detection in
response to DHT was 2.5 X 10~° M, and in response to testosterone it was 2.5 X 10~ M. This strain is
suitable for high-throughput screening of chemicals with potential for remote environmental monitoring
systems because of the assay speed, sensitivity, and self-containment.

Many anthropogenic and naturally occurring chemicals are
suspected to cause endocrine disruption in humans and wild-
life, including androgens and androgen-mimicking chemicals
(1, 14, 19). The agonist activity of androgens, required for
normal sexual development in males, is mediated by the an-
drogen receptor protein (AR). When the AR binds to an
androgenic compound, the complex moves to the nucleus,
whereupon it binds to androgen response elements (AREs)
that mediate specific gene expression. Numerous biological
functions are mediated by this system, including facial hair
development, increased muscle mass, spermatogenesis, and
vocal cord enlargement (19), but when present in excess, an-
drogens pose potential problems for vertebrates. Evidence sug-
gests that in wildlife, environmental exposure to low levels of
androgen-mimicking chemicals may alter sex ratios and lead to
endocrine dysfunction (1). Indeed, endocrine-disrupting chem-
icals (estrogens, androgens, progestins, etc.) have been de-
tected in waterways and municipal wastewater effluents at con-
centrations up to 7.4 X 107'° M (10, 11), and the data suggest
that these chemicals alter the reproductive systems of fish. In a
U.S. Geological Survey study, low concentrations of hormones
were detected in more than 40% of 139 U.S. streams tested
(11), with testosterone present in 2.8% and cis-androsterone
present in 14.3% of 70 samples that were tested for these two
compounds.

Due to growing concerns over environmental impacts of
endocrine-disrupting compounds, the U.S. Congress directed
the Environmental Protection Agency to issue a mandate to
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develop rapid, sensitive detectors for hormone-mimicking
chemicals (Food Quality Protection Act, Public Law 104-170).
In response, a number of androgen-responsive reporters have
been developed, in both yeast and mammalian cells. For ex-
ample, Purvis et al. (15) developed the Saccharomyces cerevi-
siae yeast androgen screen (YAS), a colorimetric (lacZ) yeast-
based bioreporter containing a reporter plasmid capable of
converting the chromogenic substrate chlorophenol red-B-p-
galactopyranoside from yellow to red, detectable with spectro-
photometry. This assay requires 3 to 5 days for color develop-
ment. Another yeast-based androgen reporter utilizes firefly
luciferase (luc) genes, which require the addition of an exog-
enous substrate (D-luciferin) for detection of the biolumines-
cent reaction (13). Moreover, all the mammalian cell-based
androgen reporters engineered to date require at least 24 h
postinduction prior to luminescence detection, as well as a
series of washing steps and/or tissue culture methods for main-
tenance. The utility of bioluminescent (lux) bioreporters for
chemical detection has been well-established in bacteria (9, 12)
and more recently in yeast (6, 18) because of the ease of
culture maintenance, luminescence without the addition of
substrates, and the speed of the assay. Indeed, they have be-
come as useful as, and in some ways more useful than, green
fluorescent protein-based and colorimetric reporters for chem-
ical detection (3). In this paper, the construction of a new
bioluminescent yeast-based bioreporter, based on the Photo-
rhabdus luminescens lux operon, for the detection of androgens
is described which is suitable for high-throughput screening of
chemicals and remote environmental monitoring.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. Strains and plasmids used in this
study are listed in Table 1. Escherichia coli TOP10 (Invitrogen, Carlsbad, CA),
used as a host for plasmid construction and maintenance, once transformed, was
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TABLE 1. E. coli and S. cerevisiae strains and plasmids used in this study

Strain or plasmid

Description

Source or reference

E. coli strain

TOP10 F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 recAl araD139 A(ara-leu)7697 Invitrogen
galU galK rpsL endAI nupG Str*
S. cerevisiae strains
YAS (hAR-lacZ) MATao prbl-1122 pep4-3 leu? trpl ura3-52 gal2 16
hAR Strain YAS without the ARE-lacZ reporter plasmid 16
BLYRa S. cerevisiae hAR containing pUTK401 and pUTK404 This study
BLYASI1 S. cerevisiae hAR containing pUTK417 and pUTK404 This study
BLYAS2 S. cerevisiae hAR containing pUTK418 and pUTK404 This study
BLYAS3 S. cerevisiae hAR containing pUTK419 and pUTK404 This study
BLYAS4 S. cerevisiae hAR containing pUTK420 and pUTK404 This study
Plasmids
pUTK401 pUAI12B7 (pBEVY-U containing lux4 and luxB) 6
pUTK404 pLCIRESDEIRESfrp (pBEVY-L harboring luxCDEfip) 6
pUTK416 pUTK401 containing BglII and KaslI restriction sites between GPD and ADH1 constitutive This study
promoters
pUTK417 pUTK416 containing one ARE between GPD and ADHI1 constitutive promoters This study
pUTK418 pUTK416 containing two AREs between GPD and ADHI1 constitutive promoters This study
pUTK419 pUTK416 containing three AREs between GPD and ADHI1 constitutive promoters This study
pUTK420 pUTK416 containing four AREs between GPD and ADHI1 constitutive promoters This study

grown in Luria-Bertani broth with 50 pg ampicillin/ml at 37°C. YPD liquid
medium (1% yeast extract, 2% peptone, 2% glucose) was used for routine
growth of plasmid-free S. cerevisiae. S. cerevisiae strains harboring plasmids with
leucine- and uracil-selective markers were grown in modified minimal medium
without leucine and uracil (YMM leu—, ura—) (16) to ensure the maintenance
of plasmids within the yeast cells by complementation of leucine and uracil
auxotrophies.

Chemicals. The chemicals dihydrotestosterone (DHT; CAS no. 521-18-6;
=99% purity), testosterone (CAS 55-22-; =98% purity), trenbolone (CAS
10161-33-8; =98% purity), 4-androstenedione (androstenedione; CAS 63-05-8;
=98% purity), mifepristone (CAS 84371-65-3; =98% purity), fluoxymesterone
(CAS 76-43-7), medroxyprogesterone acetate (CAS 71-58-9; =97% purity), nor-
gestrel (CAS 797-63-7; =99% purity), spironolactone (CAS 52-01-7), 17B-estra-
diol (CAS 50-28-2; =98% purity), p-nonylphenol (CAS 104-40-5), and flutamide
(CAS 13311-84-7) were purchased from Sigma-Aldrich/Fluka Chemical Com-
pany (St. Louis, MO). Stock solutions of each chemical were made in high-
performance liquid chromatography-grade methanol (Fisher Scientific). Chloro-
phenol red-B-p-galactopyranoside was purchased from Fisher Scientific.

Molecular biology techniques. DNA manipulations were performed according
to standard protocols (17). Plasmids were transformed into chemically compe-
tent E. coli TOP10 cells (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instructions, while S. cerevisiae strains were made competent and trans-
formed according to the methods of Thompson et al. (23). For S. cerevisiae
strains, electroporation conditions were as follows: charging voltage of 1.5 kV,
resistance of 200 (), capacitance of 25 uF, in an ECM600 apparatus (BTX Inc.,
Holliston, MA). Yeast cells (40 pl equaling approximately 4 X 10° to 8 X 10°
cells) were transformed with 300 ng of each plasmid DNA, with addition of 1 ml
cold 1 M sorbitol after transformation. Cells were immediately plated onto
YMM (leu— ura—) Noble agar plates.

Plasmid isolation was performed using an Eppendorf Fast plasmid isolation kit
(Eppendorf, Westbury, NY) or a Wizard midi-prep kit (Promega, San Luis
Obispo, CA). PCR was performed in 25-ul volumes using Ready-to-Go PCR
beads (Amersham Pharmacia Biotech, Inc., Piscataway, NJ), a 200 nM concen-
tration of each primer, and 50 ng template (unless otherwise noted). Oligonu-
cleotide primer sequences are listed in Table 2. Cycling conditions for all am-
plifications were as follows: 94°C for 10 min of initial denaturation, followed by
20 cycles of denaturation at 94°C for 30 s, annealing at 65°C for 30 s, and
extension at 72°C for 45 s. The annealing temperature was reduced by 0.5°C in
each of the first 20 cycles. This was followed by 15 cycles of denaturation at 94°C
for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s, and then a final
elongation step at 72°C for 10 min. DNA sequencing was performed with an ABI
Big Dye Terminator cycle sequencing reaction kit and an ABI 3100 DNA se-
quencer (Perkin-Elmer, Inc., Foster City, CA). Restriction enzymes were pur-

chased from either New England Biolabs (BglIl and Kasl; Beverly, MA) or
Promega Corporation (BamHI and Spel; Madison, WI).

Construction of strains BLYAS and BLYRa. S. cerevisiae strain BLYAS con-
tains the human AR (hAR) gene in the chromosome, the plasmid pUTK404, and
either pUTK417, pUTK418, pUTKA419, or pUTK420 (pUTKA401 [6] containing
one to four ARESs; see below). The construction of pUTK404, containing the
luxC, luxD, and luxE genes from Photorhabdus luminescens and the flavin oxi-
doreductase gene (frp) from Vibrio harveyi encoding the FMNH, cofactor re-
quired for the bioluminescent reaction, has been described previously (6).

The androgen-responsive plasmids pUTK417, pUTK418, pUTK419, and
pUTK420 were based on pUTK401, which contains the /ux4 and luxB genes
constitutively expressed from the bidirectional promoter element GPD-ADH1
and has been described previously (6). The construction of the androgen-respon-
sive luxA/luxB plasmids was mediated via pUTK416 (Fig. 1). To construct
pUTK416, sequential amplifications were used to insert a fragment containing
the BglIT and KaslI restriction sites with an intervening CTA repeat (18-mer
spacer region) between the two constitutive promoters, GPD and ADHI of
pUTK401. In the first amplification, the promoter GPD was amplified using
GPDBglII18ntF and GPDR primers. Primer GPDBgIII18ntF contains a 5" BglII
restriction site and an 18-bp CTA repeat (Table 2). In the second amplification,

TABLE 2. Oligonucleotide primer sequences used for the construction
of plasmids pUTK417, pUTK418, pUTK419, and pUTK420

Designation

Primer sequence (5’ to 3')*

GPDR.....cooiiins GTCGAAACTAAGTTCTTGGTGTTTTA
AAAC

ADHIR2.......ccoevvvvinne AGTTGATTGTATGCTTGGTATAGCTT
GAAATATTGTGC

GPDBg/II18ntF ................ GATAATGATAAACTCCCGGagatctctact
actactactactag

3ntBamHIGPDR.............. cccGGATCCGTCGAAACTAAGTTCTTG
GTGTTTTAAAAC

18ntKasIADHIF .............. tctactactactactactaggcgccATTCTTTTCTTT
TTTTTTCTTTTCTCTCTCC

ADH1SpeI3ntR ................ gee ACTAGTCCCGGGGAGTTGATTGT
ATGCTTGGTATAGCTTGAAATATT
GTGC

“ Underlined bases represent restriction sites; lowercase letters indicate inter-
vening sequences added to facilitate restriction digestion.
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FIG. 1. Cloning strategy for pUTK416 to -420. Sequential amplifi-
cations were used to generate GPDAREADHI. This construct was
directionally cloned into the BamHI (B) and Spel (Sp) site of
pUTKA401, generating pUTK416. A series of AREs (one to four) was
directionally cloned into the BglIl (Bg) and Kasl (Ks) sites on
pUTKA416, yielding pUTK417 (one ARE), pUTK418 (two AREs),
pUTK419 (three AREs), and pUTK420 (four AREs).

promoter ADHI1 was amplified using the primers 18ntKasIADHIF and
ADHIR2. Primer 18ntKasIADHIF contains a 5" Kasl restriction site and an
18-bp CTA repeat (Table 2). The two amplifications were performed in quadru-
plicate and were each combined and gel purified (QIAquick gel extraction kit;
QIAGEN Inc., Valencia, CA). Next, 75 ng of each product was used in a third
round of PCR, along with 3ntBamHIGPDR and ADH1Spel3ntR primers, to
generate the fragment BamHI-GPD-BglII-18nt-KasI-ADH1-Spel. Primer 3nt-
BamHIGPDR contains a 5’ BamHI restriction site with a 3-bp overhang to
facilitate digestion, while primer ADH1SpeI3ntR contains a 5’ Spel restriction
site as well as a 3-bp overhang (Table 2). After gel purification, this product was
double digested with BamHI and Spel and then ligated into the BamHI and Spel
sites of pUTK401, generating pUTK416.

A series of ARE-containing fragments with one to four repeats of AGAAC
ActaTGTTCT, bordered by 5’ Bglll and 3’ KasI restriction sites, were synthe-
sized and cloned into pPCRScript by Geneart Inc. (Toronto, Canada). Numer-
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ous ARE sequences exist in the human genome, but the ARE sequence chosen
has been demonstrated to recruit more AR than the ARE of prostate-specific
antigen (8). Each ARE was separated by a 12-bp CTA repeat, since this was
reported to be the optimum number of bases between response elements (7).
Four sequential rounds of amplification were performed on these plasmids using
T3 and T7 primers, with 15 ng of target template in the initial reaction mixture
and 2 pl (~80 ng) of the previous PCR product used as the template in subse-
quent reactions. Cycling conditions were as described above. PCR products were
double digested with Bglll and Kasl and cleaned with a QIAGEN nucleotide
removal kit (QIAGEN Inc., Valencia, CA), which retains fragments as small as
17 bp. These products were ligated into the BglII and Kasl sites on pUTK416 to
generate the androgen-responsive luxA/luxB plasmids pUTK417 to pUTK420.

An S. cerevisiae androgen reporter (YAS), which contains the hAR gene on its
genome and a colorimetric, androgen-inducible (leu2™") reporter plasmid, was
used as the host strain (15). This strain was cured of its reporter plasmid by
replica plating onto YPD medium, followed by confirmation of no growth on
medium without leucine, and was designated S. cerevisiae hAR. Subsequently, S.
cerevisiae hAR was transformed with pUTK401 and pUTK404 to create a con-
stitutive bioluminescent reporter (BLYRa), which was used to monitor toxicity of
chemicals. S. cerevisiae hAR was separately cotransformed with pUTK404 and
either pUTK417 (one ARE), pUTK418 (two AREs), pUTK419 (three AREs),
or pUTK420 (four AREs) to generate four different androgen-inducible biolu-
minescent bioreporters.

Bioluminescent androgen assay. For chemical testing, 20 nl of appropriate
chemical dilutions in methanol was spotted into wells of black 96-well microtiter
plates (Dynex Technologies, Chantilly, VA) using a Beckman F/X automated
liquid handling system. After spotting each chemical, the methanol was evapo-
rated at room temperature. Each microtiter plate also contained dilutions of the
standard DHT, a series of no-treatment control wells, and a series of methanol-
only control wells. S. cerevisiae strains were grown in YMM (leu—, ura—) at 30°C
with shaking overnight to an optical density at 600 nm of ~1.0. Aliquots (200 .I)
of each isolate were transferred to each well of a microtiter plate. Biolumines-
cence was measured every hour for 12 h in a Microbeta Plus liquid scintillation
counter (Perkin-Elmer, Wellesley, MA) with an integration time of 1 s/well.

Known androgenic and estrogenic/progestagenic chemicals were tested at con-
centrations from 1 pM to 2.5 pM and 1 mM to 2.5 nM, respectively. In addition
to S. cerevisiae BLYAS with four AREs, the toxicity of each chemical was
monitored with the constitutive bioluminescence strain S. cerevisiae BLYRa.

As a preliminary test of the S. cerevisiae BLYAS and BLYRa reporters in a
natural setting, the two strains were separately grown in YMM (leu—, ura—) to
an optical density at 600 nm of ~1.0 and then centrifuged and resuspended in a
2% concentrated medium. Cells (100 wl) were then added to the wells of a
96-well plate, to which 100 pl of filter-sterilized (0.22 pm) local creek water or
medium plus testosterone or DHT was added (to achieve a concentration range
of 1 uM to 2.5 pM), in quadruplicate.

EC;, calculations and statistical analysis. For each chemical, biolumines-
cence (counts per second) versus the log of chemical concentration was plotted
using luminescence values after 3 to 4 hours of incubation. A linear regression
was determined using points falling on the linear portion of the curve. Each 50%
effective concentration (ECs) (x axis) was calculated using the linear regression
formula and the midpointy value of the standard (DHT) concentration-response
curve for the same plate. For mifepristone, whose maximum luminescence never
reached the midpoint luminescence value of the DHT curve, the midpoint y
value of the mifepristone curve was used to calculate the ECs,. For the DHT
standards, the ECs, was calculated individually for 17 independent assays, while
for all other chemicals the ECs, was calculated based on three independent
assays. The mean and standard deviation values were calculated from the rep-
licate ECs values for all chemicals to determine the variability between assays
(see Table 4, below).

For comparison between strains, induction was calculated for each of the eight
isolates by dividing the maximum luminescence value by the minimum lumines-
cence value. The average induction of each strain was compared by performing
a one-way analysis of variance (SPSS v.15; Chicago, IL), with post hoc tests
(Tukey analysis) and an F statistic calculation at the o = 0.05 significance level.

RESULTS

Comparison of BLYAS strains. An androgen-inducible bio-
luminescent bioreporter, analogous to the recently described
estrogen bioreporter S. cerevisiaee BLYES (18), was con-
structed. Multiple androgen response elements were inserted
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TABLE 3. Comparison of four S. cerevisiae BLYAS strains”
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No. of AREs Maximum Minimum Fold
in strain luminescence luminescence induction”
1 (1.6 £ 0.51) X 10° (7.8 £2.8) X 10* 2.1(A)
2 (2.0 £0.15) x 10° (7.7 = 0.9) X 104 2.6 (A)
3 (1.4 £ 0.44) x 10° BOx11) X 10* 52(B)
4 (24 *x032) X 10° “41*=17)x 10* 6.6 (B)

“S. cerevisiee BLYAS with one to four AREs (eight isolates of each) was
incubated for 4 hours in a range of DHT concentrations. Maximum and mini-
mum luminescence values represent the means of eight isolates of each strain.
Average fold induction was calculated for each strain and is indicated.

b Letters in parentheses indicate statistical significance, values followed by an
A were significantly different from values followed by a B.

between the two constitutive divergent promoters GPD and
ADHI1 on pUTK416, regulating lux4 and luxB, respectively.
The colorimetric androgen reporter S. cerevisiae YAS was
cured of its lacZ reporter plasmid and then transformed with
pUTK404 (6) and either pUTK417 (one ARE), pUTK418
(two AREs), pUTK419 (three AREs), or pUTK420 (four
AREs). Each ARE is a 15-bp perfect palindrome, arranged
with two hexameric, inverted repeat, half sites and a 3-bp
spacer region (8). These palindromic sequences should each
form a hairpin and function to repress the constitutive GPD
and ADHI1 promoters; therefore, with an increasing number of
ARE fragments, the operon was expected to become more
tightly regulated.

Minimum and maximum bioluminescence changes were the
only differences observed among the four variations of the
ARE construct. This was demonstrated by comparing the in-
duction (ratio of the maximum and minimum bioluminescence
values) between the strains after incubation in a range of DHT
concentrations (1 mM to 1 pM) (Table 3). A one-way analysis
of variance was performed on the induction values of eight
isolates of each strain, generating an F statistic (values of 3, 28)
of 16.833 (P < 0.001). Post hoc analysis (Tukey) was used to
determine whether differences in induction occurred between
strains. The induction over background observed with one and
two AREs was 2.1 and 2.6, respectively, but this was not sig-
nificantly different (P > 0.05). However, there was a significant
increase in induction with three (5.2) and four (6.6) AREs over
one and two AREs (P < 0.05). In addition, there was a pro-
portionate but nonsignificant increase (P > 0.05) in both in-
duction and maximum luminescence with four AREs over
three AREs. Moreover, the background (minimum) biolumi-
nescence of the reporters with three and four AREs was half
that of the reporters with one and two AREs. These results
indicated that access to the promoters was much more re-
stricted with three and four AREs present and provided tighter
regulation of this element.

The strain with four AREs was chosen as the best androgen
bioreporter, based on having isolates with both the highest
induction and the highest maximum luminescence. Additional
colonies of the isolate with the largest induction were screened
for maximum and minimum bioluminescence and then induc-
tion values were calculated. This process was repeated twice,
using colonies of the isolate with the largest induction in the
next round of screening, which yielded a strain of S. cerevisiae
with four AREs having a 17-fold increase in induction after 4
hours and a 30- to 40-fold increase in induction after 8 to 12 h

6015
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FIG. 2. Three-dimensional plot of bioluminescence versus time for
DHT. Initial bioluminescence was observed within 2 hours for 1.0 X
1078 M and reached a maximum at approximately 6 hours.

(Fig. 2). This strain was then designated S. cerevisiae BLYAS,
grown overnight (60 ml), and then frozen in glycerol to make
aliquots for subsequent testing.

Concentration-response profiles for selected chemicals. S.
cerevisiae BLYAS was incubated in a range of DHT concen-
trations (1 wM to 2.5 pM), and the concentration response was
monitored every hour for 12 h (Fig. 2). Maximum biolumines-
cence was achieved by 6 h and quantifiable bioluminescence
occurred within 2 h, which is similar to the estrogen reporter
strain BLYES with the 178-estradiol standard (18). At 4 h, the
lower limit of detection was 2.5 X 107'% to 5.0 X 10~'° DHT
(defined as background luminescence plus 3 standard devia-

TABLE 4. EC;s, values of select chemicals obtained with
S. cerevisiae BLYAS with four AREs*

Chemical b BLYAS ECy, (M) BLYAS 1C,° (M)
DHT 17 (9.7 = 4.6) X 107° ND¢
Testosterone 3 (4.6*0.84)x107° ND
Androstenedione 3 (1.0x0.16) x 1077 ND
Trenbolone 3 (1.8x0.11)x 1078 ND
Norgestrel 3 (1.6 £0.59) x 1077 ND
Spironolactone 3 (95+39) x10°° ND
17B-Estradiol 3 (37=18)x10°° ND
Mifepristone 3 (38*097)x10°° ND

(RU486)
Fluoxymesterone 3 (7.2%+22)x107% (469 *x41)x 1073
MPA 3 (46=26)x 107 ND
Flutamide 1 NR? ND
p-Nonylphenol 1 NR 3.06 X 107*

“ 8. cerevisiae BLYAS was incubated for 3 to 4 h in a series of concentrations
of each chemical, and then a linear regression was used to determine the ECs,
for each. ECs, values represent the means and standard deviations of n repli-
cates.

?The number of independent replicates analyzed on different days using
separate aliquots of S. cerevisiae BLYAS with four AREs.

¢1C,0, 20% inhibitory concentration.

4 NR, no response.

¢ ND, not determined because toxicity was not detected at the concentrations
utilized.
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FIG. 3. ECsy-response profile of select chemicals using S. cerevisiae
BLYAS. Data were obtained 4 hours postinduction and represent the
means and standard deviations of 17 replicates for DHT and 3 repli-
cates for all other chemicals.

tions), which is similar to the luminescent (luc-based) S. cer-
evisiae androgen reporter of Michelini et al. (13) (detection
limit of 5 X 107 '°). S. cerevisiae BLYAS was used to determine
EC;, values for 12 chemicals (Table 4). The reproducibility of
the assays was determined by calculating the ECs, values from
3 to 17 independent experiments performed on separate ali-
quots grown on different days.

Of the 12 chemicals tested, S. cerevisiae BLYAS demon-
strated a sigmoidal response to the known androgens DHT,
testosterone, androstenedione, and trenbolone (Fig. 3), nor-
gestrel, fluoxymesterone, the progesterones medroxyproges-
terone acetate, mifepristone, and spironolactone (also an AR
antagonist), and also to the estrogen 17B-estradiol (Table 4).
In contrast, the AR antagonists flutamide and p-nonylphenol
had no activity in this assay, with p-nonylphenol producing a
toxic response above 10 wM, as demonstrated by decreased
luminescence with the constitutive S. cerevisiae BLYRa strain
(data not shown). The negative response to flutamide was
expected, since it has been previously demonstrated to have no
activity in another androgen agonist assay but was a potent
antiandrogen in an antagonist assay (5). Spironolactone, how-
ever, displays both agonist and antagonist activity in other
reporter assays (2) and showed some activity in our agonist
assay, despite being considered an antiandrogen.

APPL. ENVIRON. MICROBIOL.

A preliminary test was performed to determine how S. cer-
evisiae BLYAS responds in an environmental water sample
relative to laboratory medium. Incubation in a filtered creek
water spiked with DHT or testosterone yielded a typical con-
centration-response profile (data not shown), with an ECs, and
detection limit of 2.0 X 107® M and 1.0 X 10~° M for DHT,
respectively, and 1.3 X 107% M and 2.5 X 10~° M for testos-
terone, respectively (Table 5). These values are similar to data
reported in Table 4. These limits of detection are in the con-
centration range of androgens found in the environment (10,
11), though further work is needed to determine if concentrat-
ing the samples would enhance detection of androgens in en-
vironmental samples.

DISCUSSION

Androgen bioassays typically belong to one of four types:
cell-free competitive binding assays (4), colorimetric (lacZ)
reporter yeast-based assays (5, 20), luminescent (luc or lux)
reporter yeast-based assays (13; this study), or luminescent
(luc) mammalian cell-based assays (2, 21, 24). The different
assays are difficult to compare because they have different
mechanisms of uptake and expression times. However, even if
all the assays showed equivalent responses to androgenic com-
pounds, luminescent yeast-based assays (both luc and lux)
would have an advantage of speed over both bioluminescent
mammalian cell-based (luc) and colorimetric yeast-based
(lacZ) assays. S. cerevisiae BLYAS quantifiable biolumines-
cence occurs in 1 to 2 h postinduction, with maximum lumi-
nescence occurring by 6 h (Fig. 2). In contrast, the mammalian
cell-based androgen reporter assays require a 24-h incubation
postinduction to process the cells for luminescence detection,
and colorimetric yeast-based reporters require 1 to 5 days (5,
15) to respond to androgens. In addition, yeast-based reporters
offer the distinct advantage of being easy to handle, not re-
quiring the level of manipulation needed for the processing of
mammalian cells. S. cerevisiae BLYAS cultures can be pro-
cessed without additional manipulation, and luminescence de-
tection can begin almost immediately after exposure to chem-
ical. Moreover, luc-based (firefly luminescence) mammalian
cell reporters and the luc-based yeast bioluminescent reporter
(13) require the addition of the substrate luciferin to be able to
detect luminescence. Therefore, yeast-based reporters that uti-
lize bacterial luminescence (lux) genes are well suited to high-
throughput testing because of both ease of use and the speed
of the assays.

Recently published, perfect palindromic androgen response
elements were used to construct a new bioluminescent biore-
porter for the detection of androgenic compounds. Horie-
Inoue et al. (8) identified and analyzed 563 exact consensus

TABLE 5. Comparison of ECs, values in laboratory medium versus creek water

Laboratory medium

Creek water

Chemical . - . .
Limit of detection Limit of detection
ECs¢" (M) ECso (M)
(M) (M)
Testosterone (1.7 035) x 1078 25%x107° (1.3+0.39) x 1078 25%107°
DHT (1.2*097) x 1078 5.0 x 10710 (2.0 = 0.25) X 1078 5.0x 1071

“ ECs values represent means and standard deviations.
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TABLE 6. Relative potencies of androgenic and estrogenic chemicals for different types of assays
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a

Relative potency (ECs) for assay type (reference)

Test chemical Yeast based, liux

(this study)

Cell-free binding
assay (4)

Yeast based,
lacZ (5)

Yeast based,
luc (13)

Mammalian cell based,
luc (22)

Testosterone 1.0 (4.6 X 107°) 1.0 (2.2 X 107%)
DHT 2.1(9.7 % 109 7.3 (16 x 10°%)
Androstenedione 21.7 (1.0 X 1077) 591 (1.3 X 107°)

17@-Estradiol 8,044 (3.7 X 10°5) 186 (4.1 X 10°7)

1.0 (6.3 X 1071) 1.0 (4.7 X 107%)
0.2 (1.3 x 10710 0.7(3.5 X 107°)
6.3 (4.0 X 1077) ND

5,008 (3.2 X 1076) 24.6 (8.6 X 10°%)

1.0 (1 X 107%)
ND?

50 (5 x 1077)
5(5 X 10°%)

“ Relative potencies in reference to testosterone (ECs, of the chemical/ECs, of testosterone) were compared for the four different assay types and demonstrated that
17B-estradiol is ~8,044 times less potent than testosterone with the S. cerevisiae BLYAS assay. ECs, values (concentration of chemical at which the assay is

half-maximally active) are given in parentheses.
? ND, not determined.

AREs present in the human genome. The ARE chosen for this
study was a 15-bp perfect palindrome arranged with two hex-
americ inverted repeat half-sites separated by 3 bp and was
selected because it recruited more AR than the proximal ARE
of prostate-specific antigen (8). Further, Haendler et al. (7)
reported greater induction of their reporter plasmids when two
to four copies of an ARE were used and separated by a 12-bp
spacer region (e.g., AGAACActaTGTTCTctactactactaAGAA
CActaTGTTCT). Conversely, the YAS assay of Purvis et al.
(15) used three copies of a different ARE separated by a 1-bp
spacer. In this study, multiple copies of the perfect palindromic
ARE were tested by constructing bioluminescent S. cerevisiae
androgen reporters containing one to four AREs. It was ex-
pected that the number of AREs would affect either the re-
sponse sensitivity (ECs,) or the level of induction in response
to DHT. Theoretically, each ARE should form a hairpin,
thereby decreasing access to the constitutive GPD and ADH1
promoters. Among the four versions tested, induction was vari-
able within each strain, as has been reported in other studies
(21, 24). More importantly, induction, but not sensitivity, was
affected by the tighter regulation of the increasing number of
ARE:s. Similarly, Sonneveld et al. (21) noted that changes in
induction with the AR CALUX reporter did not influence
their ability to calculate the androgenic potency of a chemical;
also, the changes in induction were mainly due to small differ-
ences in the low-range background having a large effect on the
induction calculation. Since S. cerevisiae BLYAS with four
AREs had isolates with the highest induction and maximum
luminescence observed, it was chosen for further testing.

The response of S. cerevisiae BLYAS to the known androgen
agonist DHT was first tested by comparison with the colori-
metric S. cerevisiae YAS using a range of DHT concentrations.
Despite a change in both the number and sequence of AREs
on the reporter plasmid and a change from a 1-bp spacer
between AREs to 12 bases, the ECs, values calculated for S.
cerevisiae BLYAS and S. cerevisiae YAS were similar, (9.7 =
4.6) X 107? and (7.4 = 2.1) X 1078, respectively. S. cerevisiae
BLYAS performed similarly to many other androgen-respon-
sive reporters described in the literature, having mid-range
EC,, values for tested androgenic, estrogenic, and progesta-
genic chemicals (Tables 4 and 6). For most chemicals tested,
the variability of this assay was similar to other assays, which
typically range from 22 to 23% among the groups reporting
this variability (Table 4) (13, 21). In preliminary tests, most
androgen reporters responded positively to known androgens
like testosterone, DHT, and trenbolone, as did our reporter,

and had low ECs, values (Table 6). In addition, most groups
have demonstrated that estrogens such as 173-estradiol have a
low response in these assays and progestins have an interme-
diate response. In terms of relative potency, i.e., the ratio of
the EC;,, for the tested chemical to the ECy, for testosterone,
S. cerevisine BLYAS was better able to distinguish between
androgenic and estrogenic chemicals than many other report-
ers (Table 6). In addition, based on comparison of the relative
potencies of 17B-estradiol to DHT and testosterone, which
were 30 times more active (than 17B-estradiol) in the S. cer-
evisiae YAS assay (20), they were ~3,800-fold and ~8,000-fold
more active, respectively, in the S. cerevisiae BLYAS assay as
reported here, indicating that the assay is highly specific for
androgenic chemicals (Table 6). This property makes BLYAS
suitable for use with environmental samples, where it might be
used to distinguish if a sample is actually positive for androgens
or if the reporter is responding to other types of steroid hor-
mones.

Ongoing studies will continue to address the detection of
androgens in environmental samples at their relevant concen-
trations. While the results presented here are very preliminary,
sigmoidal concentration-response curves were observed in
creek water for both DHT and testosterone, with limits of
detection of 5.0 X 107'® M for DHT and 2.5 X 10~ M for
testosterone, which are approaching environmentally relevant
concentrations (10, 11). Future work will also include testing of
mixtures of compounds to determine how the reporter would
react in a complex environmental sample, which will include
mixtures of androgens, antiandrogens, and toxic chemicals.

Four bioluminescent bioreporter assays for screening the
hormonal activity of chemicals have been developed to date: S.
cerevisiae strains BLYAS and BLYRa for the detection of
androgens and their associated toxicity, respectively, and S.
cerevisiae BLYES and BLYR for the detection of estrogens
and their associated toxicity, respectively. The primary advan-
tages of these assays include ease of use, efficiency of gathering
data, and inclusion of multiple assays per microtiter plate. In
addition, these strains, when combined with appropriate pho-
todetection technology, may be used for rapid, remote moni-
toring of industrial and municipal waste effluents carrying hor-
monally active compounds.
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